Background. Carbapenemase production by carbapenemase-producing carbapenem-resistant Enterobacteriaceae (CP-CRE) is encoded by a variety of genes on mobile genetic elements. Patients colonized by 1 genotype of CP-CRE may be subsequently infected by another genotype of CP-CRE. We sought to determine whether CP-CRE carriers who developed infection with another genotype had a higher mortality risk.
Worldwide, the genotype bla KPC is most commonly reported, but other genotypes such as bla OXA , bla VIM , bla NDM , and bla IMP are increasingly more common. These carbapenemases often do not arise from de novo mutation in bacterial cells and are not anticipated to endogenously arise during antibiotic therapy. Instead, carbapenemase-mediated resistance may be acquired through the spread of resistant bacteria (CP-CRE) or through the spread of carbapenemase-encoding mobile genetic elements that can be transferred between bacteria, including between different species and even among different genera [8, 9] .
Patients colonized or infected with CP-CRE may introduce the bacteria into the hospital environment, leading to health care worker or environmental contamination. This can lead to subsequent dissemination to other unsuspecting patients [8] . After colonization, the organism can invade the bloodstream or other sterile sites, resulting in infections. This transmission model suggests that it is possible for CP-CRE-colonized patients to be subsequently infected with CP-CRE carrying another type of carbapenemase gene; for example, a patient colonized with a CP-CRE of the genotype bla KPC can be subsequently infected by another CP-CRE with the genotype bla NDM . To date, there is no study on the mortality implications of CP-CRE carriers who subsequently develop CP-CRE infections of another genotype.
Many health care institutions have limited isolation rooms; hence, in order to cohort CP-CRE carriers, there are designated "CP-CRE" rooms or wards for patients with CP-CRE carriage. The close proximity of patients in these wards and the presence of a shared pool of health care staff increases the CP-CRE patient's risk of acquiring another CP-CRE. Our findings therefore hold serious implications for infection control measures, such as patient and staff cohorting, which is currently recommended to reduce nosocomial transmission of CP-CRE [10] .
METHODS

Study Design
A retrospective, observational cohort study was conducted among known CP-CRE carriers admitted to our tertiary hospital, Singapore General Hospital (SGH; 1700 beds), from January 2012 to December 2016. All inpatients on admission were screened for CP-CRE carriage via stool specimens or rectal swabs if they fulfilled any of the following criteria: patients who (1) had a history of hospitalization in overseas or local private or local public hospitals in the past year, (2) were transferred from overseas or local hospitals, (3) were admitted to high-dependency, intermediate care areas and intensive care units (ICUs), and (4) were admitted to the hematology, oncology, and renal units. Clinical isolates were ordered by their attending physician based on clinical needs, as part of their treatment.
For our study, all clinical isolates of CP-CRE cultured by the laboratory at SGH from January 2012 to December 2016 were identified. All pregnant patients and specimens belonging to patients age <21 years were excluded. Urinary CP-CRE carriers who were defined as patients with positive urinary CP-CRE cultures but were not treated with antibiotics and had no documentation of CP-CRE urinary infection in their clinical notes, likely urinary colonization, were also excluded.
Patients' medical records were reviewed, and the following data were collected: demographics, preexisting medical conditions, microbiological data, antibiotic therapy, and outcomes.
Known CP-CRE carriers who developed clinical isolates that were different from their colonized genotypes were compared against CP-CRE carriers with clinical isolates of the same genotype. The primary outcome was the 14-day mortality rate (day 1 taken as the day the clinical isolate was collected). The secondary outcome was 30-day mortality.
The Singapore Health Services Institutional Review Board approved this study with a waiver of informed consent.
Definitions
CP-CRE carriers were defined as those patients who had tested positive for CP-CRE in the screening test. Colonization genotypes were those identified from screening specimens, taken at least 1 day before their first positive CP-CRE clinical isolates.
CP-CRE clinical isolates were defined as the patients' first positive CP-CRE culture that did not come from a screening specimen. For patients who had more than 1 positive clinical isolate, only the first positive clinical isolate obtained after the screening was included. The subsequent samples of positive clinical isolates were not included in this study.
In our laboratories, carbapenem nonsusceptibility was suspected on detection of reduced zone diameter on disc diffusion testing for carbapenems. The CarbaNP test was then performed on these suspected isolates to determine if any bacteria produced carbapenemases by phenotypic methods. Isolates with positive results were sent to the National Public Health Laboratory (NPHL) for polymerase chain reaction (PCR). Isolates that tested negative with the CarbaNP test would be further subjected to the modified Hodge test and the ROSCO disc test-with those samples that were tested positive for both sent to the NPHL for PCR [11] . At the NPHL, characterization of genes was performed by PCR assays targeting class A carbapenemases (bla KPC , bla GES , bla IMI-1 , and bla NMC-A ), class B metallo-β-lactamases (bla NDM , bla VIM , and bla IMP ), and class D carbapenemases (bla OXA-48-like and bla ). All positive CP-CRE specimens and genotypes included in this study were based on the above genotypic confirmation by the NPHL.
Active empiric antibiotic therapy was defined, based on antimicrobial susceptibility testing, as at least 1 antibiotic to which the isolate was susceptible and was started within 24 hours from the time the clinical isolate was obtained. Active directed antibiotic therapy was defined, based on antimicrobial susceptibility testing, as at least 1 antibiotic that the clinical isolate was susceptible to, started within 5 days after the clinical isolate was obtained.
Statistical Methods
Descriptive statistics for patients' variables were calculated using frequency count (percentage) or median (interquartile range), as appropriate. Comparisons between the same and different genotypic groups were made using the Mann-Whitney U test for continuous variables and the Fisher exact test for categorical variables with 2 groups and the Pearson χ 2 test for categorical variables consisting of 3 or more groups. The relationship between genotype congruency status and mortality is summarized by relative risks (RRs) and their corresponding 95% confidence intervals (CIs).
Multivariate modeling was performed via Breslow-Cox regression. All tests were 2-tailed, and P values <.05 were statistically significant. Analyses were performed using the IBM SPSS Statistics for Windows, version 22.0 (IBM Corp, Armonk, NY), statistical package.
For our multivariate model, we first identified several potential confounders a priori. These were age, gender, presence of severe infection on day 1 (using the Evaluation for Severe Sepsis Screening Tool from the Surviving Sepsis Campaign) [12] , receipt of active empirical antibiotic therapy, and receipt of active definitive antibiotic therapy. In addition, covariates found to have a P value <.10 on univariate analysis and that resulted in a 10% or greater change in the adjusted relative risk were also identified as potential confounders. Next, we used a stepwise selection approach in our multivariate modeling, selecting only the covariates that resulted in a ≥10% change in regression coefficient or a reduction in standard error. Covariates that suggested collinearity when added were removed from the model. The covariates in our final model are age (>65 years), presence of severe infection on day 1, and clinical isolate genotype including bla KPC .
RESULTS
Baseline and Microbiological Characteristics
A total of 357 individual patients with CP-CRE clinical isolates were identified during the study period. From these, 274 patients were excluded as they were not known CP-CRE carriers (either they had not been screened before their clinical isolate collection date or they had screened negative for CP-CRE). A further 10 patients who had positive urinary clinical isolates that most likely represented colonization were also excluded. The remaining 73 patients formed our study population (Figure 1) .
The large portion of patients excluded may be a reflection of the low prevalence of CP-CRE carriage in our general community. It could also be a result of a lack of a universal screening scheme for all patients admitted to the hospital.
Among these 73 patients, 65 had CP-CRE clinical isolates of the same genotype that they were colonized with, whereas 8 had clinical isolates of a different genotype. Of significance in the baseline characteristics of the 2 groups, all 8 of the CP-CRE carriers who developed clinical isolates of a different genotype were male. All other baseline characteristics were not significantly different between the 2 groups (Table 1) .
Klebsiella spp. accounted for more than half of the bacteria detected in clinical isolates of the group with the same CP-CRE genotype (39, 60%), followed by Escherichia coli (16, 24 .6%) and Enterobacter spp. (9, 13.8%). In the group with a different CP-CRE genotype, Klebsiella spp. similarly accounted for most of the bacteria detected (6, 75%), followed by Enterobacter cloacae (1, 12.5%) and Citrobacter spp. (1, 12.5%).
Patients with CP-CRE clinical isolates of the same genotype had been predominantly colonized with bla KPC (49, 75.4%). In contrast, among patients with CP-CRE clinical isolates of a different genotype, their colonization genus distribution was more diverse, with equal numbers colonized with bla KPC and bla NDM (3, 37.5%) ( Table 2) .
Among patients with CP-CRE clinical isolates of the same genotype, a majority of these clinical isolate genotypes included bla KPC (48, 73.8%). In contrast, only 1 (12.5%) patient with CP-CRE clinical isolates of a different genotype had bla KPC (Table 2 ).
14-Day and 30-Day Mortality
A total of 15 (20.5%) patients died within 14 days; 5 (62.5%) were from the group of patients with CP-CRE clinical isolates of a different genotype, and 10 (15.4%) were from the group of patients with CP-CRE clinical isolates of the same genotype. In univariate analysis, the risk of dying within 14 days was 4 times greater for the group with clinical isolates of a different genotype compared with the group with the same genotype (RR, 4.06; 95% CI, 1.86-8.89; P = .008). In our multivariate model, the risk of dying increased to more than 6 times (aRR, 6.36; 95% CI, 1.75-23.06; P = .005) after adjustment for age (>65 years), presence of severe infection on day 1, and clinical isolate genotype including bla KPC . All of the other covariates were not associated with an increase in 14-day mortality ( Table 3) .
The 30-day mortality rate corroborates with the finding on increased 14-day mortality; that is, there was a 3-fold increased mortality rate (aRR, 3.29; 95% CI, 1.22-8.90; P = .019) for the group with clinical isolates of a different genotype compared with the group with clinical isolates of the same genotype (Table 4) .
DISCUSSION
CP-CRE is a rapidly emerging problem in our global health care system. Our study represented the first effort to quantify the significance of CP-CRE infection of a different genotype on mortality among CP-CRE carriers. Our data demonstrate that CP-CRE-colonized patients who were later found with a CP-CRE clinical isolate of a different genotype were 6 times more likely to die within 14 days and 3 times more likely to die within 30 days, when compared with CP-CRE-colonized patients who were found with clinical isolates of the same genotype. Our findings suggest that acquisition and subsequent clinical infection of another genotype of CP-CRE by CP-CRE carriers represents a significant mortality risk. Flow diagram of study population section.
We postulate that the transfer of plasmids between the bacterium may have increased its virulence, thereby resulting in the increased in mortality rate. However, further work is required to characterize the associated plasmids to explore this hypothesis.
As colonization and infection rates of CP-CRE have been increasing in both pediatric and adult settings across the world, health care facilities have been active in implementing infection control measures to contain its transmission [6, [13] [14] [15] [16] [17] . From our understanding, CP-CRE transmission is postulated Table 1 . to occur primarily through health care workers or environmental contamination [8, [18] [19] [20] [21] . Current recommendations to curtail the spread of CP-CRE in health care facilities, such as the Centers for Disease Control and Prevention's (CDC's) CRE Toolkit, involve infection control measures such as cohorting of patients who are colonized or infected with CP-CRE and cohorting of staff responsible for their care [10] . The Oregon Health Authority likewise recommends geographical cohorting and staff cohorting for patients positive for CP-CRE [22] . Such cohorting strategies have been successful in Israel, where geographical cohorting of CP-CRE colonizers and staff cohorting were implemented. They managed to reduce the national nosocomial CRE acquisition rate from 55.5 incident cases per 100 000 patient-days per month during the peak of an outbreak in 2007 to 11.7 cases per 100 000 patient-days per month [23] [24] [25] .
Baseline and Treatment Characteristics of CP-CRE Carriers With CP-CRE Clinical Isolates of a Different Genotype and CP-CRE Carriers With Clinical Isolates of the Same Genotype
However, CP-CRE is not a single entity. Carbapenemases are classified by their molecular structure according to the Ambler classification system, with multiple genes coding for each class [4, 26] . Therefore, it is possible for a patient to acquire more than 1 genotype of CP-CRE. The discovery and global spread of other carbapenemase genes like NDM and OXA means that it is increasingly likely for colonized patients to acquire another CP-CRE genotype [6] . Although patient and staff cohorting have achieved much public good in reducing the spread of CP-CRE within health care facilities, it also presents a potential risk of transmitting different genotypes of CP-CRE among these cohorted patients [27] .
Our novel finding indicates that there was a significant increase in mortality among CP-CRE carriers who subsequently developed CP-CRE clinical isolates of another genotype. This presents to health care organizations a potential dilemma between the good of public health achieved with patient and staff cohorting and the risk to the individual patient who is being cohorted. This is of particular relevance to countries such as ours, where hospitals tend to have multibedded cubicles or pods. In view of the significant implications of our findings, we earnestly encourage others to perform similar analyses with a larger cohort to both explore outstanding issues and determine the reproducibility of our results.
We are the first to demonstrate that infection of CP-CRE carriers by another genotype of CP-CRE is associated with increased mortality. Other strengths of our study include the utilization of a comprehensive and unbiased database of patients from the largest tertiary hospital in Singapore for the process of data extraction. The waiver of the need for informed consent also ensured that maximum numbers of patients were recruited to our study, over the span of 4 years.
Admittedly, there are several limitations. First, the number of CP-CRE carriers with subsequent clinical isolates of another genotype was small (n = 8), and these carriers were all male. Second, the limited sample size precluded analyses of certain subgroups, such as the differences that may exist due to different bacterial genera and differences in the various colonized-clinical isolate gene pairings. Third, although best efforts were made to include all variables associated with poor outcomes for patients with CP-CRE clinical isolates, it remains possible that there exists residual confounding that was not accounted for in our analysis. Lastly, our data were derived from a single center, where the carbapenemase gene distribution may differ from that in other regions of the world, limiting their generalizability.
In conclusion, we present the first finding of an increased mortality risk to CP-CRE carriers, when infected by another genotype of CP-CRE. We hope that our study spurs more research into this premise. We are also mindful that greater debate is needed, revolving around the ethics involved in balancing the public health importance of reducing CP-CRE transmission vs the increased individual mortality risk of the cohorted patient. 
